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Abstract
With the dramatic increases in crude oil prices there has been a need to find reliable energy
substitutions. One substitution that has been used in the United States is natural gas. However,
with the increased use of natural gas, conventional sources are being depleted rapidly. Due to
the strong use of conventional gas sources people have turned to unconventional gas sources.
Unconventional gas sources are deemed economically infeasible to produce at the current price
of natural gas. The reason some sources are unconventional is because the formation that holds
the natural gas is highly impermeable, eg shale. Sources of unconventional natural gas in the
United States are found in shales across the country; the Marcellus shale is one of these sources.
The Marcellus shale is the largest natural gas source in the United States and is quickly
becoming a major gas play. Estimates show that there are trillions of cubic feet of natural gas
stored within the Marcellus shale, and energy companies are flocking to the area to extract it.
This paper will discuss the techniques used by operators to extract natural gas in the Marcellus
Shale. The focus will be on the drilling and hydraulic fracturing processes. A discussion
regarding the environmental concerns when extracting natural gas follows.
It was found that the methods used to extract natural gas, while effective, can harm the areas
water supply. New technologies are being developed that use less water, are safer for the
environment, and just as effective as the older methods in most situations.
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Introduction
The Marcellus Shale which covers 95,000 square miles and lies underneath much of the
northeastern United States, and is considered to be one of the largest natural gas basins in the
world, Figure 1. The predicted ultimate yield of 489 tcf; using the current consumption rates of
natural gas in the United States the natural gas reserves from the Marcellus shale could sustain
the country for over 20 years (Engelder 2009). Due to these predictions the Marcellus Shale is
quickly becoming a major gas play in the United States.
Shale gas is considered an unconventional gas play. Energy companies define a gas or
oil reserve as an unconventional play when it is deemed economically infeasible to extract the
gas or oil. This was the case for the Marcellus shale until the recent increase in energy prices.
Typically, one extracts hydrocarbons by drilling deep within the Earth's surface and uses pumps
and Earth pressure to extract the hydrocarbons. Since the permeability of shale is so low natural
gas does not flow easily through the shale; operators will have to create artificial fractures within
the shale to be able to extract natural gas from the well. Having to create artificial fractures is
what makes Marcellus shale an unconventional gas play.
This thesis will discuss the methods used by operators to efficiently extract natural gas
from shale, with an emphasis on Marcellus shale. Chapter 1 will detail how the Marcellus shale
was created and the important geologic properties for natural gas extraction. Chapter 2 will then
discuss the drilling methods used to access the shale formation; this chapter will include the
advantages to horizontal drilling and a case study of how an operator plans and assesses a
drilling operation. Chapter 3 will detail the design of a hydraulic fracture operation and of the
fracture fluid. Chapter 4 will take a look at the regulations that must be followed by operators
during the drilling and fracturing operations. Because most regulations on hydrocarbon
extraction come from the state government, and since most of the Marcellus shale lies in
Pennsylvania the Pennsylvanian codes will be used.
Chapter 1: Geography/Geology of Shale Gas Plays
There are many regions throughout the United States that contain highly organic shale
which contain natural gas. Within the lower 48 states 26 organic shale regions have been
discovered.
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Figure 1: Shale Gas regions in the United States (Theobald et al 2009)
As one can see in Figure 1 there are many regions throughout the United States that have the
potential to be developed into natural gas plays. No two shales are identical, and every gas play
provides unique challenges.
The regions seen in Figure 1 are known as unconventional gas regions, because they
contain vast amounts of hydrocarbons, but only recently became economically viable. A major
....... ...........  .... . .... --- - -- ------- --------------- ------- .........
challenge with extracting gas from is due to its low permeability. Along with its low
permeability other unique challenges exist. Table 1 compares the geologic differences between
major shale gas plays in the United States.
Table 1: Comparison of Unconventional Shale in the United States (Theobald et al 2009)
NewGas Shale Basin Barnett Fayetteville Haynesville Marcellus Woodford Antrim Albany
Estimated Basin
Area, square 5,000 9,000 9,000 95,000 11,000 12,000 43,500
miles
6, 500- 1,000- 10,500- 4,000- 6,000- s05002-
8,500t 7, 13500W" 8,500 11,00 0 , 2000"
Net Thickness, 1 20 - 200O 200 -" -300as 50 -200 120 - 220 70 - 120" 50 -100*ft
Depth to Base
of Treatable -1200 -500" -400 -854 -400 -300 -400
Watera, ft
Rock Column
Thickness
between Top of 5,300 - 500-6,500 10,100- 2,125-7650 5,600- 300-1,900 100-1,600
Pay and Bottom 7,300 13,100 10,600
of Treatable
Water, ft
Total Organic 4.5" 4.0 - 9.8 0.5-4.0'm 3 - 1201 1 402 1-2010 1- 2510'
Carbon, %
Total Porosity, 4- 5= 2 - 8u 9 _g 10m 3 -95 gu 1 0 . 1 4 '
Gas Content, 300- 60 - 2 20 m 100 - 330' 60 - 100' 200- 40- 100 U7 40 - 80'
scf/ton 350112 3
Water
Production, N/A N/A N/A N/A N/A 5 - 500 5-5001
Barrels
water/day
Well spacing, 6 0 - 1 60 mU 80-160 40 - 560= 40 - 160 ' 6 40 m 40 - 160'" 80
acres
Original Gas-In- 327 52 717 1,500 23 76 160
Place, tcf'
Technically
Recoverable 44 41.6 251 262 11.4 20 19.2
Resources,
tcf__
NOTE: information presented in this table, such as Original Gas-in-Place and Technically Recoverable Resources, is presented for
general comparative purposes only. The numbers provided are based on the sources shown and this research did not indude a
resource evaluation. Rather, publically available data was obtained from a variety of sources and is presented for general
characterization and comparison. Resource estimates for any basin may vary greatly depending on individual company
experience, data available at the time the estimate was performed, and other factors. Furthermore, these estimates are likely to
change as production methods and technologies improve.
Mcf = thousands of cubic feet of gas
scf = standard cubic feet of gas
tcf = trillions of cubic feet of gas
# = For the Depth to base of treatable water data, the data was based on depth data from state oil and gas agencies and state
geological survey data.
N/A = Data not avalable
Table 1 gives an idea of the geology of the surrounding area where the shale formations lie.
Points of interest in this table are the sections dealing with depth to treatable water and the space
between the aquifers and the shale formation. A key concern with developing unconventional
gas plays is disturbing the clean aquifers with chemicals that are used to develop the wells. This
issue has been discussed thoroughly between many oil companies and state governments and
regulations have been put into place and are being updated continuously. This is just one of the
many challenges that are faced when developing shale gas. The following paragraphs will give a
brief overview of the respective geologies of each of the major shale gas plays that are seen in
table 1.
Barnett Shale
Barnett Shale is located in the Fort Worth area of north-central Texas. It is a
Mississippian-age shale that ranges between 6500 to 8500 feet in depth. Barnett Shale is
bounded by Marble and Chappel Limestone, and covers approximately 5000 square miles. It is
between 100 to 600 feet thick ( Theobald et al 2009).
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Figure 2: Barnett Shale Stratigraphy Figure 3: Location of the Barnett Shale
(Theobald et al 2009) (Theobald et al 2009)
.. ........ -........... ....  ..... - .... _ _ _ .. . ......... ....... ................
Fayetteville Shale
Fayetteville Shale is found in the Arkoma basin which lies in northern Arkansas and
eastern Oklahoma. It ranges between 1000 to 7000 feet deep. Similar to the Barnett Shale it is a
Mississippian-age shale, but it is bounded by Pitkin Limestone above and Batesville Sandstone
below. Fayetteville shale covers nearly 9000 square feet and is 20 to 200 feet thick (Theobald et
al 2009).
Period Group/Unit
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BatesviUe Figure 5: Location of Fayetteville Shale (Theobald et al
2009)
Figure 4: Fayetteville Shale
Stratigraphy (Theobald et al
2009)
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Haynesville Shale
Haynesville Shale, also known as Bossier Shale, is located in the North Louisiana Salt
Basin. The basin is located between northern Lousiana and eastern Texas. The shale is typically
found at depths between 10500 to 13500 feet. Haynesville shale is an Upper Jurassic-age shale
that is bounded by Cotton Valley sandstone on top and Smackover Limestone below. It covers
an area of approximately 9000 square miles and has an average thickness between 200 to 300
feet (Theobald et al 2009).
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Figure 6: Haynesville Shale
Stratigraphy (Theobald et al
2009)
Figure 7: Location of Haynesville Shale
(Theobald et al 2009)
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Marcellus Shale
Marcellus Shale is by far the most extensive unconventional shale formation involved in
shale gas plays. The shale formation covers up to 95000 square miles that spans through six
states in the northeastern United States. The depth of the formation is typically between 4000 to
8500 feet. Marcellus shale is bounded by the Hamilton group shale above and Tristates Group
limestone below. It is a Middle Devonian-age shale that can be between 50 to 200 feet thick.
Due to the very hilly terrain of the Appalachians it has proven difficult to find suitable areas to
drill in the Marcellus Shale (Theobald et al 2009).
Figure 8: Marcellus Shale Stratigraphy (Theobald
et al 2009)
Figure 9: Location of Marcellus Shale
(Theobald et al 2909)
.. ....... ... .... .... - ............... I  ..... 
Woodford Shale
Woodford Shale is located in southern Oklahoma and covers approximately 11000 square
miles. It ranges in depths of 6000 to 11000 feet. It is Devonian-aged shale that is bounded by
Osage limestone on top and undifferentiated rock strata on bottom. Typical thickness of the
Woodford Shale is approximately 120 to 220 feet ( Theobald et al 2009).
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et al 2009)
Figure 10: Location of Woodford Shale (Theobald
et al 2009)
Woodford Shale Stratigraphy (Theobald
. ..... . ... . ......
Antrim Shale
Antrim shale is located in the upper portion of the Michigan peninsula. It can be found at
depths ranging from 600 to 2200 feet. It covers approximately 12000 square miles, and is about
70 to 120 feet thick. It is bounded by Bedford Shale above and Squaw bay Limestone below (
Theobald et al 2009).
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Figure 12: Antrim Shale Stratigraphy (Theobald et al
2009)
Figure 13: Location of Antrim Shale
(Theobald et al 2009)
. ..... ..... . ................. ........  .. .... . ............ 
New Albany Shale
New Albany Shale is located primarily in Illinois, parts of northern Kentucky, and
eastern Indiana. It covers 43500 square miles making it the second largest of the shale gas plays.
It can be found a depths ranging between 500 to 2000 feet and has a relative thickness ranging
from 50 to 100 ft. The New Albany Shale is a Devonian to Mississippian-age shale and is
bounded by Rockford Limestone on top and North Vernon Limestone below (Theobald et al
2009).
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Figure 15 New Albany Shale
Stratigraphy (Theobald et al 2009)
..... . .... ....
It is apparent that there are quite a few large shale gas plays throughout the United States. Since
the focus of this paper is on the Barnett and Marcellus shale plays I will now further discuss
geologic properties of these shales.
Details on Marcellus Shale
The following sections are paraphrased from the Engelder and Lash paper "Marcellus
Shale Play's Vast Resource Potential Creating Stir in Appalachia". This is because there is little
information pertaining to the formation and opportunities for unconventional gas extraction in
the Marcellus shale region.
How it came to be
The formation of the Marcellus shale took millions of years beginning over 500 million
years ago when one of the most substantial plate boundaries between what is now North
American and Africa collided. These two continents were once part of larger continents known
as Laurentia and Gondwana, respectively (Engelder and Lash 2008). Gondwana and Laurentia
were separated by a rapidly closing ocean 380 million years ago; Figure 16 shows the relative
positions of these two continents
before their collision. This is also
when depositions of the Marcellus
Shale began to deposit on the
- crust of what is now the
Appalachian Basin (Engelder and
Lash 2008).
Figure 16: Location of Laurentia and Gondwana during early
composition of Marcellus Shale (Engelder and Lash 2008)
-- --- - --- - ---------
Approximately 315 million years ago Laurentia and Gondwana collided with each other
and continued to stay in contact for another 15 million years. This collision set up the stresses
that controlled the orientation of the
fractures that formed in the Marcellus
inents sesup ainemnal
Shale and other rocks along the
Devonian-Mississippian Appalachian
Basin (Engelder and Lash 2008).
Figure 17 shows the assumed
configuration of Laurentia and
3W us
Gondwana during their collision.
Figure 17: Collision of Laurentia and Gondwana (Engelder and The red arrows represent the shearing
Lash 2008)
of the two continents. The circled white arrows represent the orientation of the stresses due to
the collision of the two continents, and they also show the strike of the Ji joints that are due to
those stresses. The blue lines point to the strike slip faults that occurred during the collision
(Engelder and Lash 2008).
How Joints and Faults form
Faults are formed when there is some type of sliding or tearing motion parallel to the
walls of a fracture in the rock. If the energy released during the rock fracture is large enough it
can result in an earthquake (Engelder and Lash 2008). Joints are formed when motion of the
walls of a fracture is perpendicular to the plane of the rupture. Joint splitting is usually a slow
process so there is little chance of an earthquake, see Figure 41 in the Appendix (Engelder and
Lash 2008).
.... . ....... 
Figure 18 is an example of
a set of cross cutting joints that are
located within the Appalachian
Basin. This outcrop was found at
the bottom of Taughannock Creek
by Ithaca, New York (Engelder
and Lash 2008). The figure shows
how joint sets form the distinct
Figure 18: Example of Joints in Geneseo Black Shale (Engelder paths described in the previous
and Lash 2008)
paragraphs.
The propagation of faults and joints are due to shear stresses from the rock resisting the
internal stresses due to tectonic shifts. If the shear stress becomes large enough to rupture the
rock a fracture or a joint will form. The difference between a fracture and joint is that a fracture
forms when there is a slip in the rock parallel to the shear stress and joints form when a rupture
opens without a slip and is normal to the plane of the shear stress, Figure 41 in the Appendix
(Engelder and Lash 2008).
As previously stated joints propagate when a rupture occurs without a slip. For the
rupture to occur a tensile force is required. Joints at this depth occur when pore pressures create
a tensile stress that is equal to the least compressive stress. This is known as a natural hydraulic
fracture. The orientation of the joint plane is a good indicator of the earth stress at the time of
the joint's propagation. For instance, a joint will be parallel to the maximum compressive stress
and normal to the least compressive stress (Engelder and Lash 2008).
. .. ..... .. .... ....  ........ 
Burial History of Marcellus Shale
Marcellus Shale began its deposition around 380 million years ago (Engelder and Lash
2008). At this time Gondwana was
rapidly heading towards Laurentia and
creating a myriad of compression and
tensile forces (Engelder and Lash
2008). The thrust loading and strick-
slip mechanisms created an area
Figure 19: Appalachian Basin Seabed (Engelder and Lash
2008) known as the pycnocline. A
pycnocline is the boundary where everything below the boundary is oxygen deprived (Ettensohn
1997). The thrust loading from Gondwana also changed the courses of any rivers preventing the
SW h deposition of oxygen rich water and
clastic sediments. This became an ideal
environment for the creation of black
arcellus Sha shale. This can be seen in the top portion
MB of Figure 19. The same forces being
created by Gondwana again realigned the
rivers allowing for the deposition of
Figure 20: Devonian Black Shales in the Appalachian
Basin (Engelder and Lash 2008) oxygen rich waters and clastic sediments.
This created what is known as gray shale and can be seen in the bottom portion of Figure 19
(Ettensohn 1997). The deposition of black and gray shales occurred eight different times over a
20 million year period (Engelder and Lash 2008). Figure 20 shows the eight different black
shale deposits in the Appalachian Basin.
Natural Hydraulic Fracturing
The natural fracturing of the black shale, including the Marcellus Shale, can be attributed
to a few mechanisms. The first mechanism that started the natural fracturing began during the
period leading up to the collision of Gondwana and Laurentia. During this time the
sedimentation rate of each continent was quite high; it was believed to have reached a rate of 150
meters per million years (Engelder and Lash 2008). Typically, seawater is compressed out of the
pores of the rock, but since the sedimentation rate was so high the water did not have enough
time to escape. Since water is incompressible the pore pressure within the shale increased as
more and more sediment was placed (Engelder and Lash 2008).
The increase in pressure and temperature was ideal for the formation for oil and natural
gas. The generation of oil and gas require extra pore space, but since the pore space was being
taken up by the sea water there was not enough room for the oil and gas. As more oil and gas
was being generated it generated more pore pressure. Eventually the pore pressure reached its
limits and to relieve the pressure microcracks began to form (Engelder and Lash 2008). These
cracks continued to grow as more hydrocarbons were generated; in Figure 21 the hydrocarbons
are in the dark areas that have the letter "k". Eventually the cracks grew large enough to be
considered joints.
Figure 21: Cracks Forming from Hydrocarbon Production in Devonian Black Shale (Engelder and Lash
2008)
===== - - - ------- -- -
Natural Fractures continued to propagate during the Alleghanian Orogeny. The
Alleghanian Orogeny is a period when part of the Central and Southern Appalachians were
formed. They were formed because of the driving force of Gondwana into Laurentia (Engelder
and Lash 2008). During this time the Marcellus shale was further buried, resulting in an increase
in the creation of hydrocarbons. Fluid pressures reached a point that the hydraulic fractures were
driven out of the black Marcellus shale into the gray shale that lies on top (Engelder and Lash
2008).
The joints in Figure 22
represent the natural hydraulic
fractures that occurred during the
Alleghanian Orogeny period. The
vertical fractures, known as gas
chimneys, extended 150 feet into
the gray shale. Natural hydraulic
fractures have sometimes been
Figure 22: Natural Hydraluic Fractures going from Black Shale to large enough that no further
Gray Shale (Engelder and Lash 2008)
stimulation was required to extract natural gas from black shale. This is the case in the Upper
Huron black shale that is found in Kentucky (Engelder and Lash 2008). This is not the case with
Marcellus shale where it is common practice to further stimulate the fractures to economically
extract hydrocarbons. How the Marcellus Shale is stimulated will be explained in greater detail
in the "Hydraulic Fracturing" chapter. What makes the Marcellus shale so tempting to develop
is the massive amounts of natural gas stored within the formation.
. .......... .  ... .............. .
Size of Marcellus Shale Resource
Estimates to the amount of natural gas are varying depending on which source one reads.
Table 1 has already been presented with estimates that show one perspective as to the amount
that can be extracted. (Engelder and Lash 2008) estimate that there is approximately 50 Tcf of
technically recoverable gas. This is similar to the estimate that was given by the USGS
(Engelder and Lash 2008). It should be noted that this estimate was made in 2008. In 2009
Engelder stated in the magazine, "Basin Oil & Gas" that there is a 50 percent chance that the
Marcellus shale may ultimately yield 489 Tcf of natural gas (Engelder 2009, 4). These vastly
differing estimates can be attributed to the way the estimates are being calculated. To estimate
recoverable gas one would use the amount of already recovered gas and extrapolate. Since more
wells are being drilled there is an increase in the amount of recovered gas, which increases the
estimate. These estimates will continue to fluctuate as more wells are placed and developed, and
there is a general consensus that the amount of recoverable gas will increase as time goes on.
Chapter 2: Drilling Methods Applying to Marcellus Shale
The chapter focuses on the basics of wellbore drilling. The following sections will give a
brief description of drilling basics and what equipment is required for a drilling operation. It will
also explain the importance of planning and analysis of a drilling operation; a case study that
shows how one can plan and analyze a drilling operation is included in the appendix. Finally an
explanation of why horizontal drilling is quickly becoming the preferred method to drill in
shales, and how one would go about deviating the well trajectory to make it horizontal. A brief
case study on a multi-well horizontal drilling pad design is also included.
Drilling Basics and Important Materials
The idea behind drilling is to create a path that allows hydrocarbons to flow from the
earth to the surface. Typically a 5 to 36 inch diameter hole will be drilled from a drill rig using a
drillstring with a drill bit attached to the end. Once the hole is drilled steel pipe and cement will
be placed giving structural support to prevent the hole from collapsing (Wikipedia 2011 a). The
steel casing is also used to prevent drilling waste and hydrocarbons from leaching into the
surrounding environment. As one drills deeper the diameter of the hole will decrease. The
reason the well diameter gets smaller is because pressure rises substantially as the well gets
deeper. Making the well diameter smaller is more cost effective, safer, and lowers the pressure
on the well making it easier to prevent the well from collapsing. The reason the entire well is not
drilled at the same diameter is because the larger diameter at the top of the well allows for
surveying of the formations to make sure initial assumptions were correct, and also makes it
easier to place equipment into the well. Once the target formation is reached the drill is retracted
and in the case of unconventional gas shales, like the Marcellus shale, hydraulic fracturing can
begin, Figure 35.
Equipment Used in a Drilling Operation
There is quite a bit of equipment required for a drilling operation. A basic list of
equipment can be seen in Figure 23 and Table 2. There are three pieces of equipment that have
been found to be vital to a drilling operation; they are they drill rig, the drilling mud, and drill bit.
The following sections will go into detail about how each of these pieces of equipment is crucial
to the drilling operation. There will be a special emphasis on drilling mud because of its
importance to the drilling operation. This is because drilling mud has the largest overall cost,
and because of the environmental issues surrounding drilling mud. The environmental issues
will be discussed in detail in the environmental chapter. Also the rest of the equipment in Table
2 will be discussed briefly.
Drill Rig
There are many unique types of equipment used when drilling for hydrocarbons. The
center piece of a drilling operation is the drill rig. The drill rig is the base of operations and
where all of the drilling equipment is housed. Figure 23 shows an example of an onshore drilling
rig, and one can see how all of the equipment is housed within the rig. The drilling rig is not a
permanent structure, and once drilling is completed this will be removed for a permanent service
rig (Wikipedia 2011 b).
Table 2: Legend to Figure 23 (Wikipedia 2011b)
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Figure 23: Example Drill Rig (Wikipedia 2011b)
Legend:
1. Mud tank
2. Shale shakers
3. Suction line (rnud ptmp)
4. Mud purp
5. Motor or power source
6. \brating hose
7. Draw-works (winch)
8. Standpipe
9. Kelly hose
10. Goose-neck
11. Traveling bock
12. Drill line
13. Crom bock
14. Derrick
15. Monkey board
16. Stand (of drill pipe)
17. Pipe rack (floor)
18. Swivel (On newer rigsthis maybe replaced by atopdrive)
19. Kelly drive
20. Rotary table
21. Drill floor
22. Bell nipple
23. Blowout preverter (BOP) Amlar
24. Blowout preverters (BOPs) pipe ram & shear ram
25. Drill string
26. Drill bit
27. Casing head
28. Flow line
. ..... ...... ........ 
Drilling Mud
Item 1 in Figure 23 shows a large drilling mud tank. Drilling mud is used to control
downhole fluid pressure, stabilize the well to prevent any cave ins, remove cuttings from the well
as the drill progresses further into the ground, and lubricate and cool the drill bit throughout the
drilling operation (Theobald et al 2009). Drilling mud is also used to clean the drill bit, prevent
inflows of fluids from the formation, and helps with data collection by being used as a medium
to send the data to computers on the surface (Darley and Gray 1988). Drilling fluids are
carefully designed, and are classified by their base compositions.
Darley and Gray have distinguished 3 classifications of drilling fluids. They are water
based muds, oil based muds, and gas. Water based muds are composed of a fresh water or brine
base that has solids suspended within the fluid. One can emulsify oil into the water; this is
known as a continuous phase mud. Oil based muds are similar to water base muds, but with the
obvious change to the base composition of the mud. The oil used can either be diesel or crude.
The final "mud" is gas. Operators will inject high velocity air or natural gas into the well.
Foaming agents are added to help remove cuttings and prevent inflows of water from the
formation (Darley and Gray 1988).
Quite possibly the most important property of a drilling fluid is its density. Having the
correct fluid density prevents inflow from the surrounding formation, and helps seal the pores
and openings within the formation. To prevent the inflow of formation fluids or outflow of
drilling fluids the fluid pressure of the drilling mud must be greater then the pore pressure of the
formation by a minimum of 200 psi (Darley and Gray 1988). It has been estimated that the
hydrostatic pressure gradients of formations ranges between .43 to .52 psi/ft. The range is due to
water salinity (Darley and Gray 1988). Table 3 shows common densities of each component in a
drilling fluid.
Table 3: Densities of Common Mud Components (Darley and Gray 1988)
VWVMeaSe Of 4COUmUM Mud Coinnponut
Waez.r.3 6. 350
oi 0o8 6.66 so 280100
Barite 4.3 35.8 268 1500Clay 2.5 20.8 156 874 2500
Salt 22 18.3 137 2200
To be on the safer side operators and contractors tend to over-design their mud densities.
While this may seem like a very logical idea if one over-designs too much there are a few
disadvantages. Having an excessively high mud density can put too much pressure on the well
and in turn the formation will fail in tension, ie induced fracturing. One can also lower the rate
of penetration of the drill if the mud density is too high. Laboratory tests as well as field tests
have shown that if the mud density is far greater then the pore pressure of the formation the rate
of penetration is lowered, and there is an increased chance of sticking of the drill pipe. The final
disadvantage is that drilling mud is very expensive and over designing the drilling mud comes a
great cost (Darley and Gray 1988).
When beginning a drilling operation the selection of the drilling mud is crucial. Table 4
provides what type of drilling mud is best suited for certain situations. Table 4 is just a small
example of what mud types exist, but this gives a general idea of what can be used in the field.
Notice how two of the water based drilling fluids in Table 4 are designed do be used when
drilling through shale such as the Marcellus.
Table 4: Example Drilling Fluids (Darley and Gray 1988)
Classification Principal Ingredients Characteristics
Gas:
Fast drilling in dry, hard rock
Dry Air Dry Air No Water influx and Dusty
Mist Air, Water or Mud Wet formations but little water influx
Foam Air, Water. Foaming Agent Used in Stable Rock
Water: WaterFast Drilling in stable formations
Need large settling area, flocculants,
or ample water supply and easy
Fresh Fresh Water disposal
Brinees for low density increase and
lower freezing point, use only in
Salt Sea Water low permeability rocks
Shale drilling, low maintenance at
Fresh or Brackish Water (or medium densities, some tolerance
native clays), lime, chrome- salt, unaffected by anhydrite cement,
Lime Muds lignosulfonate p1 -1 1-
Shale drilling, low maintenance at
Same as lime muds, but gypsum medium densities, some tolerance
instead salt, unaffected by anhydrite cement.
Gyp Muds of lime pH 9-10
Oil: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Low-Pressure well completion and
Neeil Weathered Crude Oil workover
The storage of drilling fluids can be done in a couple of ways. Storage methods are
dependent on the location of the well, urban or rural environment, environmental regulations,
and other factors. For the Marcellus shale since it is in the Appalachian basin it is not
uncommon to use retention pits. Retention pits can store drilling fluids and also store hydraulic
fracturing fluids as well (Theobald et al 2009). Storage pits are typically lined containment
ponds. A liner is employed to prevent any infiltration of the drilling fluids into the ground. The
liner also prevents environmental contamination and helps save water (Theobald et al 2009).
If one is in an urban area or have little working space steel tanks are usually employed.
Steel tanks allow for one to employ the closed loop drilling technique. Closed-loop drilling lets
one reuse drilling fluids and also saves on water use. This is also employed in environmentally
sensitive areas along with air drilling techniques (Theobald et al 2009).
Figure 24: Lined Retention Pit in Marcellus Shale (Theobald et al 2009)
Drill Bits
Drill bits are the first piece of equipment to contact the formation. Drill bits are
specifically designed to meet the specific needs of every formation. It is critical to make sure
that the right drill bit is being used throughout the drilling operation. Using the wrong drill bit
can lead to excess downtime, damages, and unnecessary expenses. Drill bits can be made from a
single material, such as steel, or can be a composite material. Common materials incorporated in
drill bits are tungsten and diamond. This helps enhance the drill bits capabilities and allow for
drilling through hard formations (Schlumberger 2011).
There are hundreds of different types of drill bits. Selecting the proper drill bit depends
on the rock formation being drilled through. When trying to select the proper drill bit data from
drilling records from drilling operations in the vicinity of ones operation can be used. Drilling
........... 
records will show how other
types of drill bits performed
drilling through the same
formation. One should pay
special attention to what
particular drill bit features,
such as diamond bits, worked
and which features did not
work. Also note the rate of
Figure 25:: "Kinetic" Diamond-Impregnated Drill Bit (Smith
Services 2011) penetration of each type of drill
bit. Overall drill bit selection comes down to economics and how much one is willing to spend
(Devereux 1999).
Other Equipment Required
While by no means minor the other pieces of equipment in Table 2 and Figure 23 play
more of an indirect role to the drilling operation when compared to the drill rig, drilling mud, and
drill bit. The following section will give a brief description of these pieces of equipment. Refer
to Table 2 and Figure 23 to see the placement of these pieces of equipment.
The mud tank holds the drilling mud for the drilling operation; this can be a lined pit, or
a steel tank as seen in the previous section. The shale shaker is a sieve that filters out larger rock
particles from the drilling mud. The mudpump is used to pump the drilling fluid into the well
(Devereux 1999). The vibrating hose is used to help push the mud through the hose into the
well. The standpipe is a set of valves that let the drilling mud flow in different directions, either
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to the well or the mud tank for instance. The kelly hose is the hose that connects to the casing
into the well, this is the hose that drilling mud travels through (Devereux 1999).
The drill line is the line that lifts and lowers the kelly hose during the drilling process.
The drill line runs through the winch and crown block, and at the end of the drill line is the
traveling block which holds the kelly hose. The derrick is the framework for the drilling rig.
The rotary table is what provides the torque to turn the drillstring. The torque from the rotary
table must travel through the kelly drive which transmits the torque to the drillstring. On modern
drill rigs a top drive is also used to provide torque to the drillstring. This negates the need of a
kelly drive, but a rotary table is still used because rotation is still needed on the drill floor to help
install pipes into the well (Devereux 1999).
The drill floor is the base of operations for the rig crew. Blow out preventers are installed
to prevent excess pressure from causing blow outs on the rig. The drillstring is connected to the
drill bit and provides the torque to the bit. The torque that is transmitted to the drillstring can
come from a top drive or kelly drive. The casing head keeps the drilling pipe from moving and
prevents the drilling mud from flowing out into the formation. The flowline goes from the well
to the standpipe and brings the drilling mud from the well back to the mud tank (Devereux
1999). As it has been explained having the proper equipment is vital to a successful drilling
operation, but even with the best equipment careful planning and analysis must be done.
Planning/Analysis of a Drilling Operation
Proper planning and analysis of a drilling operation is critical. Studies have shown that a
greater portion of the drilling operation go towards the active part of drilling a well,
approximately 90 to 95 percent. This leaves very little time for planning and analysis of the well
operation, around 5 to 8 percent and 2 to 4 percent respectively (Millheim et al. 1998). While
the amount of time that is spent on planning and analysis is insignificant in comparison to the
rest of the drilling operation, these are crucial steps that must be done to complete a job on time,
safely, and within budget. This section will present what is required to plan and analyze a
drilling operation. A case study of how to plan and analyze a drilling operation is given in the
appendix.
"There are two keys to drilling the most cost-effective wells: minimizing problems and
maximizing progress." (Devereux 1998) The way to minimize problems and maximize progress
is by carefully planning the drilling operation. This can be done by creating a drilling program,
which is an overall checklist of things that helps one organize a drilling operation. The
following paragraphs will briefly describe what is including in the drilling program list; full
details can be found in Devereux's book, "Practical Well Planning and Drilling Manual."
The drilling program consists of a series of steps that one should follow to successfully
drill a well. These steps include: attaining general information of the well site, potential hazards
or problems that could occur during the operation, a geological prognosis, design requirements
for the drilling operation, equipment checklist, and finally time and cost estimates (Devereux
1998).
General information consists of items that do not directly pertain to the actual drilling
operation, but are still important and must be discussed. This includes general site information,
drilling report requirements, ie daily or weekly reporting, safety concerns, and inspection
requirements (Devereux 1998).
The section on potential hazards and problems is self explanatory. It is a list of hazards
or problems that one may face during the drilling operation. This also includes contingency
plans incase any hazards were to occur. An example is a spill or leak on the well site (Devereux
1998).
Completing a thorough geologic survey of the well site is crucial to the drilling operation.
Geologic information is key to selecting the proper equipment for the operation. This section
includes the lithology of the area, and the characteristics of each rock formation that will be
encountered (Devereux 1998).
Design criteria for the drilling operation are quite lengthy and consist of many parts. This
includes what type of bits to use during the operation, how to case the well, what type of mud to
use, etc. This section can be broken down into separate sections, such as having a section for
mud design, and well casing (Devereux 1998).
The equipment checklist is again self explanatory. This will include all equipment
required to complete the drilling operation. While this seems brief in explanation this list will be
expansive and will used extensively when estimating costs (Devereux 1998).
The final pieces of information described in this section are the time and cost sheets. The
time sheet includes the time it will take to complete the entire operation. This will include set up
time, drilling times for each section, and clean up. This will be used to make the work schedules
and to help make sure everything is on schedule. The cost sheet will list the costs of the drilling
operation. Each of these sections should be done in spread sheets which allow one to easily
update any changes, can be easily reproduced, and help organize lots of data and detail
(Devereux 1998).
Again, this is a brief list of things that should be included in the drilling program.
Careful detailed planning will keep people safe, keep the drilling operation within budget, and
help prevent problems during the operation. Analyzing the drilling operation is just as important
as planning for one.
Analysis of a drilling operation will review the entire operation from planning to
completion. The operator and contractor will look over each step and see where things went
right and wrong. The time estimation data will be used extensively when analyzing the
operation. This will tell the operator and contractor what parts of the operation went smoothly
and where one can improve for the next drilling operation. Well analysis allows for fine tuning
of the drilling program so the next job can run more efficiently (Remson 1985).
Horizontal Wells
For centuries the main drilling technique was to drill a vertical well into the target
formation and begin to pump hydrocarbons. While this is still employed in many areas it has
been shown to not be the most effective way to drill for unconventional gas. While more
expensive drilling horizontal wells is becoming the standard practice when drilling for gas in
unconventional wells such as the Marcellus shale.
An average price for drilling a horizontal well is approximately $3.5 million while a
vertical well is around $1 million. This price can vary depending on depth, rock formations
being drilled, and other factors (Lee et al 2010). While horizontal wells cost significantly more
the advantages pay for the extra costs. Horizontal wells have the ability to access thin
formations over long sections while it would require many vertical wells to get the same
production. Horizontal wells in the Marcellus have had lateral sections ranging between 2000 to
5000 feet. This also creates less surface impact when compared to vertical wells (Lee et al.
2010).
The average pad size for horizontal wells can range from 3 to 30 acres and can have
multiple wells per pad (Belvalkar and Oyewole 2010). Vertical wells could require a 40 acre pad
per well. As a comparison if one were to look at a 1 square mile section that is completely
developed one would only place 16 vertical wells. Using one 40 acre well pad one could have 6
to 8 horizontal wells, and produce an equivalent amount as the vertical wells (Theobald et al.
2009). Since the Marcellus shale runs through the Appalachian basin it is very difficult to access
well sites, and operators have been trying to consolidate well sites and still have an economical
production rate. This has been the impetus to use multiple horizontal wells on one well pad.
It is very advantageous to drill perpendicular to the existing natural fractures in a
formation. This is because the required tensile stress to hydraulically fracture the shale would be
much lower then if trying to fracture intact rock. For the Marcellus shale their primary joint set
runs in an east-northeast direction.
This means that the well should be
drilled in a north-northwest
direction, Figure 43 in the Appendix
(Lee et al 2010). This is easily done
through the use of horizontal drilling
Figure 26: Vertical and Horizontal Well (Lee et al. 2010)
while vertical wells would not be able to do this. Note the comparison of the vertical and
horizontal wells in Figure 26. While there many advantages to horizontal wells there are a few
disadvantages, aside from costs, that must be stated.
Horizontal wells provide many advantages, but problems, mainly mechanical, do exist.
Once one reaches the horizontal portion of a horizontal well hole cleaning becomes a problem.
This is because it becomes difficult for drill cuttings to travel out of the well. This can clog up
the well and prevent the drillstring from rotating. The next problem is that once drilling is
completed retracting the drillstring out of the horizontal portion of the well requires much more
force then to retract a drillstring from a vertical well. This is due to excess frictional forces being
imparted on the drillstring due to the fact it is now horizontal (Devereux 1999). While these
problems do exist with horizontal wells they are usually outweighed by the advantages provided
by drilling a horizontal well. Actually making a well go from a vertical to horizontal orientation
can be difficult, but there have been a few designs over time. The following section will
describe how one actually kicks off a well to make it horizontal.
How A Horizontal Well becomes Horizontal
There have been a few methods to making a well horizontal. Making a well go in the
horizontal direction is termed "kicking off' the well. To make a well go in a fully horizontal
direction a series of kick offs can occur, Figure 27. As Figure 27 shows the two kick offs are at
the top, "first build" and bottom, "second build". The methods to kick off a well that are most
commonly used are: jetting, whipstocks, and downhole motors. While jetting and whipstocks
are considered low tech options whipstocks are still used quite often while jetting is being phased
out except in certain situations (Devereux 1999).
Jetting is a low tech
kick off technique that uses
drilling mud to cause the
drillstring to deviate to the
desired trajectory. This is
Vertical
Kick offpoiw done by aligning the flow of
build
the mud to hit the rock
*n forming a small pocket in the
well wall. This will cause
Se ond build orizontal section
the drill to go in that
Figure 27: Kick off of a Horizontal Well (Devereux 1999)
direction. Jetting is typically used in softer formations close to the surface of the well. This is
very cost effective when compared to the costs of using a downhole motor (Devereux 1999).
Another low tech way of changing the direction of a well is to use a tool called a whipstock.
A whipstock is a concave wedge that is placed in the well abutting the drillstring causing
"" the drillstring to deviate from its
original course, Figure 28. The way
this is assembled is the whipstock will
be placed on the end of the drillstring
and sent down the well. Once the
whipstock is properly seated in the
well drilling will begin. Once drilling
has caused the well to shift in the
Figure 28: Whipstock used to Deviate a Well (Devereus 1999)
desired direction the whipstock and the drill will be retracted. Finally a more flexible drilling
assembly will be sent down the well and drilling will recommence (Devereux 1999).
A downhole motor is a mechanism that is attached to the end of the drillstring, and has a
drill bit attached to the end of it. The downhole motor uses the hydraulic energy from pumping
the drilling mud to run the motor and turn the drill bit. There are two types of downhole motors,
a downhole motor with a bent sub and a steerable downhole motor (Devereux 1999).
The downhole motor with a bent sub uses the downhole motor and a device that is
essentially a bent drill collar that is attached to the top of the downhole motor. The bent sub is
what causes the trajectory change of the well. The well will deviate to the direction the bent sub
is pointing, Figure 29 (Devereux 1999).
The steerable downhole motor is the same essential make up as the downhole motor with
the bent sub except the bend is at the bottom of the motor instead of on top. This has a distinct
advantage because one can drill straight or at an angle using the steerable downhole motor. To
drill straight one has to rotate the drillstring in the opposite direction as the bend, and if the
drillstring is kept stationary then the motor can drill in any direction. If one were to try to steer
with the bent sub undo forces would be imparted onto the motor damaging it; while with the
bend at the bottom there are no undo forces imparted to the motor allowing it to steer without
damaging any parts. Due to the expense of using a steerable downhole motor it is only employed
when a precise path must be drilled (Devereux 1999). Figure 29 shows a comparison of the two
types of downhole motors. The following section will present a brief case study on a multi-well
horizontal well pad.
Bent sub above motor
Mud motor
Motor with bent housing
]Bit deviAtes in the direction
that the bent housing points.it; dcith~i 1edrci
Figure 29: Comparison of Downhole Motors, Left: Bent Sub and Right: Steerable (Devereux 1999)
Case Study of Horizontal Well Pad Design
In 2010 a multi-well horizontal well pad was designed and implemented in the Marcellus
shale. The following paragraphs will give an overview of the design of the well. For complete
details see SPE 139045, "Case Studies in the Application of Pad Design Drilling in the Marcellus
Shale".
In 2010 a contractor was called upon to help design a small single pad multi-well drilling
program in the Marcellus shale. The contractor along with the experience of the operator who
previously worked in offshore drilling where this design was normal began to design a multi-
well pad that was fit for the Marcellus shale region. The pad houses 7 pairs of horizontal wells
(Poedjono et al. 2010). Extensive coordination between the operator and service company was
required to complete the design.
After extensive surveying of the area and a drilling plan was established the contractor
and operator came up with 2 phase design. Phase 1 consists of placing 5 pairs of wells while
phase 2 placed the remained 2 pairs. The trajectories of the wells were upon the information
gathered from the survey and also by following SPE 121040-PP anti-collision standard
(Poedjono et al. 2010).
Figure 30 shows a typical wellbore
profile for a horizontal well. To meet the
ho (:,1ft) requirements of this particular design the
following constraints were used on each section.
Refer to figure 7 as a means to understand
which section is being discussed. For the 17.5
and 12.25 inch section would be drilling with
air, and the 12.25 inch section used directional
control to prevent any wellbore collisions.
Figure 30: Wellbore Profile (Poedjono et al. 2010) Starting at the kick-off section an angle of 1.25
degrees per 100 feet was used; the sail angle was 13 to 20 degrees. Once the 8.5 inch section
was reached the angle was changed to 10 degrees per 100 feet. This was kept until reaching the
reservoir entry point at which point the well went horizontal. A 200 foot separation was required
between each wellbore pair to prevent any collisions while in the reservoir entry section
(Poedjono et al. 2010).
Once phase 1 surface holes were drilled, surveyed, and all permitting requirements were
met a final pad design was made. This is still an active project and the experience gained by the
contractor and operator have helped their designs of multi-well pads in the Marcellus shale.
Chapter 3: Hydraulic Fracturing
Hydraulic fracturing is the process of increasing the internal pressure in rock to open
extremely small pores that are intrinsic to unconventional gas plays. Hydraulic fracturing allows
easier flow of fluids through the rock stratum. This process is used extensively in
unconventional gas plays such as the Barnett and Marcellus shales. Typical shales have a natural
conductivity ranging between 3.17E-8 to 3.17E-12 cm/s. Conductivity this low means that any
fluid trapped in the shale cannot move easily within the rock (Theobald et al 2009). Figure 31 is
a natural fracture outcrop of black shale.
Even though these are natural fractures,
artificial hydraulic fractures would have a
similar appearance. The principal reason for
artificial hydraulic fracturing is to make
unconventional gas plays economical. The
following paragraphs will describe the
design and implementation of hydraulic
Figure 31: Natural Fracture Outcrop (Theobald et al fracturing.
2009)
Fracture Design Mechanics
Since shale has such a low conductivity fluids, within the shale's pores travel very
slowly. When trying to extract natural gas from shale a common process is to hydraulically
fracture the rock. Hydraulic fracturing is an artificial process where fluids, either water or oil
based, are pumped into a well at a high enough pressure to cause the shale to fracture.
To help understand the type of pressures required to hydraulically fracture rock one can
start by looking at a simple case of a vertical borehole in a rock mass that is impermeable and
nonporous. To perform this analysis, it is assumed that there are three principal stresses, one
vertical (o,) and two horizontal (GH and Cyh). The two horizontal principal stresses are normal to
each other (Jaeger, Cook, and Zimmerman 2007). It was found that within a borehole there are
three stress conditions that must be analyzed. The first stress condition is T,, which is equal to
'rrr = Equation 1: (Jaeger et al. 2007)
the fluid pressure within the borehole. The next stress condition that is analyzed is the in-situ
horizontal stress, Too.
TOO = ±H + Ch - 2(a - ca ) cos(29) - Pw Equation 2: (Jaeger et al. 2007)
The final stress condition to be analyzed is the in-situ vertical stress, Tzz.
zr,. = U, + v[(UH h C)- 2 (aH - 07h) cos(20)] Equation 3: (Jaeger et al. 2007)
Figure 44 in the appendix shows a visual representation of how the stresses act upon a wellbore.
For a fracture to propagate the applied stress within the borehole must become greater then or
equal to the tensile strength of the rock. Typically, the minimum stress value after the well is
drilled is the perimeter stress, Too, when 0 = 0 or 7r. Since Too is the minimum stress it is also
TOO = 3a, - aH - Pw Equation 4: (Jaeger et al. 2007)
equal to -To, which is the tensile strength of the rock.
Z'00 = -T Equation 5: (Jaeger et al. 2007)
Setting Equation 4 equal to Equation 5 allows one to find the required fluid pressure to fracture
the rock, Equation 6 (Jaeger, Cook, and Zimmerman 2007).
Pw = 3oh - a1H + To Equation 6: (Jaeger et al. 2007)
As was stated in the previous paragraph the equations described are for an ideal case of a
nonporous impermeable rock. This assumption is not a good representation of the Marcellus
Shale. Since Marcellus Shale contains natural gas it is better represented by the assumption
that we have a porous rock that is saturated with a pore fluid, i.e. natural gas. Due to shale's low
permeability the pressure created by the pore fluid prevents the drilling fluid from being able to
penetrate into the formation rapidly enough to fracture the rock (Jaeger et al 2007). To
determine the pressure required to fracture the rock the pore pressure must be considered. Pore
pressure, Pp, must be subtracted from the horizontal stresses. This is done because the effective
stress law must be followed (Jaeger et al 2007).
Pw = 3ah -H +T -. p Equation 7: (Jaeger et al. 2007)
At the first occurrence of a fracture the pressure achieved is known as the breakdown
pressure. The breakdown pressure is assumed to be the peak pressure recorded during the
fracture process, and is usually close to the tensile strength that is estimated from the collected
data on the rock formation. Once the breakdown pressure is reached the wellbore pressure drops
and the fracture fluid will propagate into the newly created fracture (Jaeger et al 2007). At this
point proppant will be injected into the fractures preventing them from closing once pumping of
the fracture fluid ceases.
Hydraulic Fracture Design
Fracture designs use computer simulations to predict fracture geometry and help
determine the most efficient way to fracture the rock. When designing the fracture operation one
uses past experience and data from other fracture jobs that have similar characteristics to the
current rock stratum that is going to be fractured. Data can be collected from geophysical logs,
core samples, and other wells (Arthur et al 2008).
The collected data will be used to run fracture simulations to design the most effective
fracturing process. Using the collected data engineers and geologists are able to modify a
fracture design and determine the height, length, and orientation of the potential fracture.
sWon worofan Wid e Engineers are also able to
perform a post-fracture
simulation with collected data
to help refine their designs for
future fracture treatements
(Arthur et al 2008). Figure 32
shows an example of an output
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Figure 32: Output of Hydraulic Fracture Stimulation (Arthur et al from a hydraulic fracture
2008)
simulation. The first graph shows the predicted stresses created at depth due the pumping of the
fracture fluid, and the other two graphs show the width and length of the predicted fractures that
would be created by the fracture treatment. Fracture length is a measurement of how far the
predicted fracture will travel from the wellbore.
To help operators refine their hydraulic fracturing design, tiltmeters and/or geophones
Figure 33, will be installed on or below the surface in the area surrounding the site. This is done
to measure seismic disturbances and orientations of the assumed mircorseismic fractures that
occur during the hydraulic fracturing process (Sarda and Deflandre 1988). These measurements
allow designers to understand the success and orientation of factures that were actually created
during the fracturing process. This information also allows better placement of future wells to
take advantage of a previous fracture treatment, and also insures that the fractures did not
propagate outside of the intended fracture zone (Arthur et al 2008). Future wells will be
Figure 33: Example Geophone (Left) and Tiltmeter (Right) (Wikipedia 2011)
designed so that their orientation and location will utilize the increased permeability that was
created by the previous facture treatment to allow for greater flow through the well.
Figure 34 is an example of what a microseismic map may look like. The microseismic
map is created by the seismic data collected from the geophones and the orientation data
collected from the tiltmeters. Coupled with fracture simulations the fracture fluids must be
Mro M1w of MIroVn Et individually designed to meet the needs
Cdwed by Time P*ed
of each fracture treatment.
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Figure 34: Map of Microseismic Events (Arthur et al 2008)
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Fracture Fluid Design
Hydraulic fracture fluid design is dependent on the target formation. Fracture fluids for
shale are typically water based with a mixture of chemicals and proppant. Proppant is a coarse
grained solid, typically sand, that is mixed into the fluid and is pumped into the artificial
fractures to prevent them from closing once the fracture treatment is completed. The other
chemicals added help reduce the friction between the formation and fracture fluid; this allows the
fluid and proppant to be pumped at a higher rate and further into the targeted fracture zone. The
addition of the friction reducing chemicals, such as potassium chloride, to water makes a fracture
fluid known as "slickwater".
Slickwater is used to reduce the friction between the well wall and the fracture fluid.
This is done by lowering the viscosity of the fluid through the use of gels or other chemicals.
Due to the low viscosity of the slickwater it is difficult to transport proppant to the artificial
fractures. The reason it is difficult to transport proppant is because the low viscosity of the
slickwater makes it difficult to keep the proppant suspended within the fluid causing the
proppant to settle before traveling far enough into the artifical fractures. To prevent any
proppant waste operators will lower the proppant concentration when using slickwater.
Lowering the concentration of the proppant increases the volume of fracture fluids that must be
pumped into the well; pump times have been known to exceed 6 hours when slickwater is used
(Palisch et al 2010). Even with this disadvantage it has been found that using slickwater
increases overall fracture efficiency.
To help increase fracture efficiency other chemicals are added to prevent micro-
organisms, heavy metals, etc from clogging the fractures. Other addictives such as biocides to
prevent micro-organisms from growing within the fractures, corrosion reducers and acids to
prevent heavy metals from precipitating within the fractures, and other chemicals to clean out the
remnants of the left over drilling mud from the fracture area are also included (Arthur et al
2008). There are additives that are not used to help fracture rock, but are used to help retrieve
the fracture fluid from the wellbore; these are known as breakers. Breakers help lower the
viscosity of the fracture fluid so that it can easily return to the surface instead of staying within
the fracture. Breakers are applied during flowback of the fracture treatment, and lower the fluid
viscosity by degrading the chemicals used during the fracture treatment and the minerals from
the target formation (Gidley et al 1989).
The type of proppant used in a hydraulic fracture is important and must be taken into
consideration. Types of proppant used could be sand or alumina spheres. Selecting the proppant
type is controlled by particle size of the proppant, assumed aperture and width of the fractures,
and carrier fluid viscosity and
velocity. During the fracturing
process, proppant will go from a
finer grade to a coarse grade
proppant as one travels from the
fractures furthest from the
wellbore to fractures closer to the
Figure 35: Hydraulic Fracturing Operation Pennsylvania (Arthur et wellbore. This is because the
al 2008)
fractures further from the
wellbore will have a smaller aperture and width then the fractures closer to the wellbore (U.S.
National Academy of Sciences 1996).
Fracture fluid used in the Marcellus shale is a slickwater fracture fluid coupled with a
sand proppant and other chemicals. A breakdown of common chemicals used in the Marcellus
. ................. ..................... . ..... .. .. .
Shale can be seen in Figure 36 and Table 5. The reason slickwater is used in the Marcellus Shale
is because they have an abundance of water and the pressure head created is higher then other
fluids (Gidley et al 1989).
Gelling
Agent Scale
KCI 0,056% Inhibitor pH Adjusting
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Corrosion
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Figure 36: Volumetric Proportions of Chemicals in a Fracture Fluid (Theobald et al. 2009)
Table 5: Additives Used in Fracture Fluids (Arthur et al 2008)
Additive Type Main Compound Common Use of Main Compound
Acid Hydrochloric acid or Swimming pool chemical and cleaner
murlatic acid
Biocide Glutaraldehyde Cold sterilant in health care industry
Breaker Sodium Chloride Food preservative
Corrosion inhibitor N,n-dimethyl formamide Used as a crystallization medium in
Pharmaceutical Industry
Friction Reducer Petroleum distillate Cosmetics including hair, make-up, nail
and skin products
Gel Guar gum or Thickener used in cosmetics, sauces and
hydroxyethyl cellulose salad dressings.
Iron Control 2-hydroxy-1,2,3- Citric Acid it is used to remove lime
propanetricaboxylic acid deposits Lemon Juice ~-7% Citric Acid
Oxygen scavenger Ammonium bisulfite Used in cosmetics
Proppant Silica, quartz sand Play Sand
Scale inhibitor Ethylene glycol Automotive antifreeze and de-icing agent
Figure 36 is an example of the volumes of additives added to water to make a
hypothetical fracture fluid that would be similar to what is used in Marcellus Shale. Table 5 also
includes what each chemical compound is commonly used for and how it is applied in a fracture
fluid (Arthur et al 2008). Table 5 only shows the additives commonly used in fracture
treatments. There are other additives that are being used for more specific purposes, and there
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are also new additives being designed to help increase the production of unconventional wells.
Having an abundant water source is critical to hydraulic fracturing in the Marcellus Shale.
Water: Availability and Disposal
Large quantities of water are required for each hydraulic fracturing job. An average
amount of water required for hydraulic fracturing in the Marcellus Shale can be up to 2.5 million
gallons. Estimates show that total water use for drilling and fracturing a horizontal well can
range between 3 to 4 million gallons of water per well. It should be noted that multiple hydraulic
fracturing treatments will occur in one horizontal well and each treatment will require millions of
gallons of water (Arthur et al 2009). Hence, drilling and repeated hydraulic fracture treatments
use a substantial amount of water, and having an available water source is critical for successful
extraction of hydrocarbons.
The development of new gas wells can put a strain on local water supplies. Since
operators require large quantities of water in a short period of time, it is important for them to
communicate with local authorities about state regulations and their drilling and fracturing
schedules (Arthur et al 2009). The Marcellus shale region, Figure 37, is fortunate to have an
abundance of water readily
available.
The average rainfall
in the Appalachian basin is
3g.1-40.1. 43 inches per year; 10 inches
more then the average for the
United States. With an
estimated area of 95 thousand
Figure 37: Average Annual Rainfall for the Marcellus Shale Region
(Arthur et al 2008)
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square miles the Marcellus shale region acquires 1.25 trillion gallons of precipitation throughout
the area. This abundance of water makes the Marcellus shale region ideal for shale gas
development. (Arthur et al 2009).
Upon completion of a fracture treatment and the removal of any excess pumping pressure
fracture fluids will begin to flow back out of the well head, Figure 38. The flow back fluid
consists primarily of water,
fracture chemicals, and portions
of the fractured rock formation.
Flow back can last from hours to
weeks and on occasion months
after well production began. The
amount of flow back water
recovered from wells range
Figure 38: Example Flow Back from a Well (Couch 2011)
between 30 to 70 percent of the original fracture fluid volume. The rest of the fracture fluid
stays trapped within the formation. Since the flow back water is toxic it must be properly
disposed (Arthur et al 2009).
Operators have a few options when of disposing flow back water, examples are:
underground injection, treatment and discharge, and/or recycling (Arthur et al 2009). Depending
on the environmental regulations of the area one or all of these options can be utilized. Table 6
gives a comparison of disposal options utilized in the Marcellus and Barnett shale; notice how
the Marcellus shale will uses all 3 options. New options are being developed so that flow back
water can be more efficiently used. A major push is to find more economical ways of recycling
and treating the water so that it could be used for irrigation or drinking water, especially in more
- - - ------------
Table 6: Comparison of Disposal Methods of flow back water (Theobald et al 2009)
Barnett Shale
Class 1 injection wells Commercial and non-
commercial
Disposal into the Barnett
and underlying
Ellenberger Group
Recycling On-site treatment and For reuse in subsequent
recycling fracturing jobs
Class II injection wells Commercial and non- Limited use of Class 11
commercial injection wells
Municipal waste water
treatment facilities, Primarly in
Marcellus Shale Treatment and dischage commercial facilities Pennsylvania
reportedly
contemplated
Recycling On-site recycling For reuse in subsequentR O i fracturing jobs
arid regions (Theobald et al 2009). It has been said that no two fracture jobs are alike. The
following paragraphs will provide an overview of an on site fracture operation in the Marcellus
Shale.
Hydraulic Fracturing Example
Once the design process is complete the fracture process starts. The first step in a
hydraulic fracture treatment is a thorough equipment check and inspection. The inspection
involves making sure all equipment is working, the area is safe to work in, and to make sure that
any fracture products are contained so that no harm will come to the environment. This is
similar to the planning stage that was explained in the drilling chapter. Certain requirements are
given by the state's oil and gas regulations to make sure that the well is safe for operation and
that any fracture byproducts will not harm the surrounding area (Arthur et al 2008). Once the
preliminary testing is completed then hydraulic fracturing can begin.
The first stage of a fracture treatment begins with a 15% HCl acid treatment. Acid
treatments help clean out the well of any drilling waste which helps increase the permeability of
the rock. Acid also starts the fracturing process by dissolving some of the rock surface. The
next step is to apply the slickwater pad. A slickwater pad is applying enough fracture fluid to fill
the wellbore. The slickwater will open the microcracks and reduce friction to allow the proppant
to travel further into the fractures (Arthur et al 2008).
After the slickwater pad is applied the first proppant stage begins. The proppant is 100
fine mesh sand that is applied at increasing concentrations starting at .1 pounds per gallon. For
this fracture treatment there were seven stages of 100 mesh sand applied in which the the volume
of fluid was decreased from 50,000 gallons to 30,000 gallons. This information can be seen in
Table 7. Fine grained proppant is initially used because it can reach further into the newly
opened fractures (Arthur et al 2008).
The final proppant stage will use coarser sand. This fracture treatment used eight stages
of 40/70 sand at increasing concentrations with volumes going from 20,000 to 10,000 gallons.
Once the final proppant stage is completed the final step is to flush the excess proppant out of the
Table 7: Example of Sequenced Hydraulic Fracture Treatment (Arthur et al 2008)
Stage Volume Rate Fluid Proppant
(gallons) (gal/min) Type Size
Acid 5,000 500 15% HCI acid none
Pad 100,000 3,000 slickwater none
Prop 0.1 50,000 3,000 slickwater 100 Mesh
Prop 0.3 50,000 3,000 slickwater 100 Mesh
Prop 0.5 40,000 3,000 slickwater 100 Mesh
Prop 0.75 40,000 3,000 slickwater 100 Mesh
Prop 1 40,000 3,000 slickwater 100 Mesh
Prop 2 30,000 3,000 slickwater 100 Mesh
Prop 3 30,000 3,000 slickwater 100 Mesh
Prop 0.25 20,000 3,000 slickwater 40/70
Prop 0.5 20,000 3,000 slickwater 40/70
Prop 0.75 20,000 3,000 slickwater 40/70
Prop 1 20,000 3,000 slickwater 40/70
Prop 2 20,000 3,000 slickwater 40/70
Prop 3 20,000 3,000 slickwater 40/70
Prop 4 10,000 3,000 slickwater 40/70
Prop 5 10,000 3,000 slickwater 40/70
Flush 13,000 3,000 slickwater none
Volumes are presented in gallons (42 gals = one barrel, 5,000 gals = ~120 bbls),
Rates are expressed in gals/minute, 42 gals/minute = 1 bbl/min, 500 gal/min = ~12 bbls/min.
Flush volumes are based on the total volume of open borehole, therefore as each stage is
completed the volume of flush decreases as the volume of borehole is decreased.
wellbore and equipment. This was done using 13,000 gallons of freshwater (Arthur et al 2008).
The pressure applied during this example fracture treatment was roughly calculated to be 530000
psf. This was found using Bernoulli's equation, a flow rate of 3000 gal/min that was found in
Table 7, an assumed wellbore diameter of 8 inches, an assumed wellbore height of 8500 feet, and
using the unit weight of water. While this pressure is quite high, it should be noted that operators
are working deep beneath the surface where pressures can be substantial. Table 12 of the
appendix shows the detailed calculation that was done to find the wellbore pressure.
During the fracture operation there is constant monitoring by operators and engineers of
the service company. The operators and engineers track every aspect of the fracture treatment
making sure that the fracture design is followed and to also make sure that nothing out of the
ordinary happens. For a typical fracture treatment there could be an average of 30 operators,
technicians, and engineers on site monitoring the entire fracture job. This is a generalized
example of a fracture design for what is considered a typical well in the Marcellus Shale. (Arthur
et al 2008).
Chapter 4: Environmental Considerations
Extracting natural gas is a technical process that requires careful planning, design, and
oversight throughout the entire operation. If any part of the extraction process is done
improperly, the damage done to the environment can be extensive. To mitigate damage and
prevent any accidents operators must be environmentally conscious and follow regulations set
forth by the government.
Natural gas extraction is primarily regulated by the state governments. They have the
power to regulate, permit, and enforce all extraction activities. These activities include drilling,
fracturing, production, disposal of wastes, and abandonment of the well (Theobald et al 2009).
While there are many environmental considerations and requirements that operators must
adhere to this section will only cover the ones that affect the drilling and fracturing portion of
natural gas extraction. The primary concerns for drilling and fracturing are land and water use,
water disposal, and well location, i.e. an urban or rural setting. The following paragraphs will
discuss these environmental concerns and the regulations that must be followed when drilling
and fracturing. Due to slight differences in regulations from state to state this chapter will use
Pennsylvania regulations for example purposes.
Environmental Considerations While Drilling
Drilling has many environmental effects; these include surface disturbance caused by the
well pads, storage and disposal of drilling fluids and cuttings, and special considerations if in an
urban environment. The following paragraphs will address these effects.
As was previously stated in the drilling chapter, well development requires large amounts
of land, approximately 3 to 30 acres per well (Belvalkar and Oyewole 2010). With the new
influx of gas wells in the Marcellus Shale region the amount of disturbed land is substantial, one
option to decrease land disturbance is to drill multiple horizontal wells from a single well pad
(Theobald et al 2009). Surface disturbance is such a concern that according to Pennsylvania
EPA Oil and Gas Act Chapter 2 section 601.206, to even acquire a well permit operators are
required to restore any land surface that was disturbed during the entire extraction operation
(Pennsylvania EPA 1984). Surface disturbance is just one of the environmental concerns when
drilling a well; the management and disposal of drilling fluids are also aspects that must be
handled carefully. The drilling chapter stated that there were 3 drilling fluid classifications,
water based muds, oil based muds, and gas. The typical type of drilling fluid used in the
Marcellus shale is a water based mud (Darley and Gray 1988). The primary composition of the
water based mud used in shales consists of: lime or gypsum salts, bentonite, and lignite. Also,
during the operation some of the parent rock will disperse into the drilling fluid (Shale Shaker
Committee 2005); Table 4 in the drilling chapter gives more details on the types of drilling fluid
compositions. Chemicals in the drilling fluids can cause extensive environmental damage if they
were to infiltrate into local water supplies; so the management and disposal of drilling fluids
must be done carefully.
Managing and disposing of drilling fluids depends on the well's location and what
regulations are required by the state. Operators can temporarily store drilling fluids in plastic
lined retention pits, if in a rural area, or tanks, if in an urban area; Figure 24 in the drilling
chapter shows a lined retention pit (Theobald et al 2009). Section 78.56 of Pennsylvania's Oil
and Gas Wells gives the criteria of how to design the retention pits, and what type of material the
tanks can be made from, which include fiberglass and steel (Commonwealth of Pennsylvania
1989). The design requirements can be seen in section 78.56 of Pennsylvania's Oil and Gas
Wells regulations.
"...the operator shall contain pollutional substances and wastes from the drilling,
altering, completing, recompleting, servicing and plugging the well, including brines,
drill cutting, drilling muds, oils, stimulation fluids, well treatment and servicing fluids,
plugging and drilling fluids other that gases in a pit, tank or series of pits and tanks. The
operator shall install or construct and maintain the pit, tank or series of pits and tanks in
accordance with thefollowing requirements... " (Commonwealth of Pennsylvania 1989).
The disposal of drilling fluids is a technical process that relies heavily on well location and state
infrastructure.
The disposal of drilling fluids after an operation depends on state infrastructure,
regulations, and location. With the Marcellus Shale boom operators are having trouble with the
disposal of drilling fluids and must develop new methods of disposal that still meets the
standards set forth by the state. A typical disposal method is to inject the waste fluid into wells
deep beneath the Earth's surface, but the Marcellus shale area does not have an abundance of
injection wells because it has never been a major gas play until recently. Since the area lacks
injection wells operators have developed alternative means of disposal; some examples are:
recycling of drilling and fracture fluids, transporting waste to treatment facilities, and drilling
new injection wells (Arthur et al 2010). While these options are viable it has been found that
some of these options may or may not be practical in certain situations. For instance, if a well
was located in a rural area far away from any infrastructure it may not be practical to transport
waste fluids to a waste water treatment facility. Also most waste water treatment facilities do not
have the means or technology to rid all pollutants from drilling fluids (Arthur et al 2009).
Most waste water treatment facilities use digesters filled with bacteria breaks down
organic wastes. The bacteria in the treatment facilities are very susceptible to sodium and
chlorides, which are found in large concentrations in drilling and fracturing fluids. If waste
fluids were disposed of at these facilities the bacteria used to treat waste water will be destroyed
resulting in poor treatment. Now some treatment facilities are designed to treat industrial waste,
and use different treatment methods which will not be affected by fracture fluids. The problem
is that there are a small number of these facilities in the area, and transportation costs to ship
fracture fluids to these facilities is expensive (USEPA 2011). Even though these are options for
drilling fluid disposal operators must also adhere to state regulations.
Pennsylvania has many regulations regarding the discharge and disposal of drilling waste.
Operators must follow a series of regulations regarding discharge of waste fluid, drill cuttings,
and residual wastes. The regulations are covered in Chapter 78 of the Pennsylvania code, in
sections 78.60 through 78.63 (Commonwealth of Pennsylvania 1989). Section 78.60 covers the
requirements to discharge drilling and fracturing fluids and sections 78.61 through 78.63 covers
the disposal requirements for drilling cuttings and residual waste. Residual waste is defined as
any substance left over after the discharge of the drilling or fracturing fluid (Commonwealth of
Pennsylvania 1989). The general requirements for disposal of waste fluids are stated in section
78.54. It states that,
"The well operator shall control and dispose offluids, residual waste, drilling cuttings,
including topholewater, brines, drilling fluids, stimulation fluids, well servicing fluids,
oil, production fluids and drilling cuttings in a manner that prevents pollution of the
waters of this Commonwealth and in accordance with 78.60 through 78.63..."
(Commonwealth of Pennsylvania 1989)
Natural gas extraction from the Marcellus shale is becoming so popular that wells are being put
up anywhere one can find a spot, including urban areas.
The economic boon from shale gas has caused many operators to develop wells not just
in remote areas, but in urban areas too. This has already been seen in Barnett shale play, where
operators have wells within Dallas city limits. Gas wells in Pennsylvania are starting to be
developed close to cities such as Pittsburg. Since urban areas have different needs and issues
that are not seen in rural environments, operators must take special precautions when developing
a gas well in an urban environment (Arthur et al 2010). The issues with developing gas wells in
an urban environment are concerned with keeping the quality of life for residents the same as it
was before a gas well was being developed in the area. These environmental issues deal with the
lighting of well pads, noise from well pad development, traffic, dust, air emissions, and water
usage. Regulations involving well development in urban areas are typically taken care of by city
and county officials (Arthur et al 2010). Operators have come up with ways to help mitigate
most of the issues involved in well development in urban areas.
Operators have worked with local governments to minimize disturbances, such as
increased traffic and noise, when developing a well in an urban area. These disturbances
primarily occur during the drilling and fracturing process of well development. The measures
taken by operators attempt to decrease or eliminate any problems that would occur during well
development. These measures include: adjusting work schedules to lower traffic volume, water
unpaved roads to eliminate dust, installation of sound barriers and other technologies to reduce
noise pollution, giving compensation to local
municipalities to fix any damage that occurred
during the operation, decrease well pad size
through the use of horizontal drilling, and the
use of directional lighting during the night
(Theobald et al 2009). Specialized sound
deadening technologies are being developed
to help decrease noise pollution during drilling
Figure 39: Insulation Blankets to Deaden the Noise and fracturing operations, which include
from Drilling and Fracturing Operations (Theobald et
al 2009) development of building materials that absorb
sound, and the use of insulation blankets that are seen in Figure 39. A large concern in an urban
environment is air quality, which is heavily controlled by the EPA and as such there are
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regulations that must be followed by operators. The EPA established a series of regulations
known as National Emission Standards of Hazardous Air Pollutants. In 2008 the EPA set new
air quality regulations targeting shale gas plays in urban areas. The regulation requires
maintenance, reporting, testing, and monitoring of any machine that emits exhaust, i.e. the
engines used to run the equipment on a well site (USEPA 2008). To obtain a permit to begin any
oil or natural gas production operators must register with the USEPA and disclose what
processes and equipment emits exhaust. Permits typically impose limitations to the amount of
emissions an oil or gas operation can produce. One can see a full list of requirements online at
the USEPA website.
Environmental Considerations while Hydraulically Fracturing
There have been many environmental issues surrounding hydraulic fracturing. These
issues mainly pertain to the chemicals in the fracture fluid, fear of contamination of aquifers and
other bodies of water, water availability, containment, and disposal. This section will cover the
practices used by operators to prevent and mitigate environmental damage, and the regulations
that operators are required to follow during the fracturing process.
The hydraulic fracturing chapter explained that the fracture fluid is composed primarily
of water and proppant with the addition of chemicals, typically .5% of the total fracture fluid
volume, that help increase fracture efficiency (Theobald et al 2009). Table 5 of the fracturing
chapter shows a list of commonly used chemicals in a fracture fluid. The total amount of
chemicals may seem insignificant, but considering one fracture treatment requires millions of
gallons, the total volume of chemicals can be quite substantial, 5000 gallons of chemicals per 1
million gallons of fracture fluid. Even though these chemicals are commonly used in ones daily
life, they are still harmful to the environment, especially if the chemicals were to contaminate
local groundwater
supplies. To prevent
groundwater
contamination a casing is
2000 - z f n I installed between the
formation and the well,
Figure 40.
A casing is a
barrier between the well
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Figure 40: Example Well Casing (Theobald et al 2009) and (USEPA 2011)
throughout the drilling process, and is composed of steel pipe and cement. This is done to
prevent the contamination of groundwater during the drilling and fracturing process (Theobald et
al 2009). Figure 40 shows an example casing of a gas well; notice how the casing is creating a
barrier between the well and the formations. The casing is not only used to prevent groundwater
contamination but is also used as a safety mechanism in case of blow outs (Commonwealth of
Pennsylvania 1989). Casings are equipped with blowout preventers in case the pressure exceeds
the design limit of the well. If the pressures do exceed the design limits of the well the blowout
preventers are engaged and will seal the well preventing any hydrocarbons, drilling or fracturing
fluids, etc from escaping to the surface. The steel and cement used for the well casing are
designed to not fail at these pressures. One designs for this type of failure to prevent the
infiltration of hydrocarbons or chemicals into the surrounding formation. Locations of the
blowout preventers can be seen in Figure 23 of the drilling chapter. Pennsylvania, along with
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other states, has a list of recommendations and regulations that operators must follow for casing
design.
Chapter 4 Section 4 of Pennsylvania's Oil and Gas Management Practices lists a set of
recommendations and codes that must be followed when designing and installing the well casing.
Well casings must be designed to withstand the rigors of gas well development, which include
bottom hole pressures, stresses induced by the surrounding formations, and any pressures
induced during the operation, such as hydraulic fracturing (Pennsylvania EPA 2001). Full
details of design recommendations can be seen in the report. The casing design regulations can
be found in Chapter 78 Section 78.81 through 78.87 of Pennsylvania's Oil and Gas Well
regulations.
The state of Pennsylvania has two primary requirements for casing design, which are
stated in section 78.81. The first requirement is that the operator shall design the casing to,
"... allow effective control of the well at all times, prevent the migration of gas or other
fluids into sources offresh groundwater, prevent pollution or diminution offresh
groundwater, and prevent migration of gas or other fluids into coal seams.
(Commonwealth of Pennsylvania 1989)
The second requirement states that,
"The operator shall drill through fresh groundwater zones with diligence and as
efficiently as practical to minimize drilling disturbance and commingling of
groundwater. " (Commonwealth of Pennsylvania 1989)
To meet these requirements sections 78.82 through 78.87 give full details on design criteria, and
what to do if problems occur. The sections cover: use of conductor pipe, surface and coal
protective casing and cementing procedures, casing and cementing plan, what to do if casing
cement is infiltrating into the formation, intermediate and production casing design, casing and
cement standards, what to do if the installed casing and cement is defective, and how to case and
cement a gas storage reservoir (Commonwealth of Pennsylvania 1989). Casing design is the
primary method to prevent groundwater contamination. Water availability is a concern as well.
It was stated in the hydraulic fracturing chapter that the Marcellus region has an
abundance of water available to use for drilling and fracturing purposes, but the real problem
with water availability lies in the fact that large amounts of water are used over short periods of
time. To help mitigate this problem, operators and state governments have come up with ways to
decrease the amount of water required to efficiently fracture the formation. Some ways to
mitigate water consumption include reusing flow back water from wells, using foam based
fracture fluids instead of water based fracture fluids, and the recycling/closed-loop fracturing
method (Pennsylvania EPA 2001). The closed loop drilling method consists of reusing old
fracture fluids for new fracture treatments thereby reducing the amount of water used in fracture
treatments. The reuse of fracture fluids creates a "closed loop" because no new water is required
for fracture treatments. This method has been shown to be lower discharge costs, but using
recycled fracture fluid lowers gas recovery and increases treatment costs. The reason gas
recovery is lowered is because the older fracture fluids contain solids from older treatments that
can clog the fractures thereby blocking flow to the well (Pennsylvania EPA 2001). While these
methods are options, they can not always be applied to every fracture treatment. An operator
must assess all of the options and find which methods will work best for the situation. Once the
fracturing treatment is completed operators must also contain and dispose of the fracture fluids.
The regulations for storage and disposal of fracture fluids are the same as for drilling fluids, and
were explained earlier in the chapter.
Conclusions
The extraction of natural gas is a technical process that relies on proper planning,
technology, and experience. While the methods used today to extract natural gas are effective
they can be taxing to the environment. Since drilling and hydraulic fracturing requires millions
of gallons of water and harsh chemicals, environmental contamination is inevitable. Research
must be conducted to provide new technologies to effectively extract hydrocarbons, and lower
the environmental impact to the surrounding area.
Research should be focused on drilling and fracturing processes. Each of these processes
requires large amounts of water and chemicals to effectively drill and fracture a well.
Alternative methods have been developed to decrease the environmental impact of drilling and
fracturing a well. Some examples are recycling drilling and fracturing fluids, using foam based
fracture fluids, the development of environmentally friendly fracture fluids, and using
compressed air instead of drilling mud. While these have shown to be effective most of these
options are not viable for every situation.
These alternative methods can be effective, but they do have their limitations. An
operator can only apply compressed air drilling and foam fracture fluids in low pressure
formations; compressed air drilling can be utilized for the initial drilling stages in Marcellus
shale, but not the entire operation. This also applies to foam based fracture fluids; most of the
pressures seen in the Marcellus shale are too great to use the foam based mud; this is because the
foam mud is primarily air and can not withstand high pressures. Recycling mud does lower
treatment costs, but can clog the artificial fractures lowering production; since Marcellus shale
has such a low permeability already it is not wise to compound the problem by clogging artificial
fractures. While it seems like these alternatives have some disadvantages they can still be
effective if used properly. Research needs to be done to find alternative drilling and fracturing
methods that are environmentally friendly, are not hampered by high pressures, and do not
impede the fracturing process by clogging artificial fractures.
Aside from the environmental hazards during extraction operations, natural gas is a
cleaner source of energy when compared to oil or coal, and can help sustain the United States'
energy needs for decades. With the Marcellus shale being one of the largest natural gas
resources in the world the United States must take advantage of the opportunity to provide a
cleaner source of energy to the public.
Appendix
Geology
I (opening) Figure 41 shows how
joints and fractures are formed
due to the shear stress in the
formation. The shear stress is
perpendicular to the plane of joint
failure, and parallel to the sliding
failure of the fault (fracture).
Figure 41: Schematic of Joints and Fractures (Lacazette 2001)
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Drilling Case Study and Figures
Case Study of a Drilling Plan and Analysis by D. Remson
D. Remson separates his planning and analysis method in 3 categories. They are
technology, equipment, and performance. If each of these three categories are properly assessed,
and one follows his 5 step program there will be a decrease in drilling time; based on field testing
there has been an average of a 10 percent decrease (Remson 1985).
Step 1 is to review of the prognosis of the well and evaluate all pressure and time-related
aspects. Step 1 is broken into 3 parts, and they are as follows. Part 1 is to review the pressure
profile and any additional data required by the operator. Additional data could be information
gathered by a person who has had previous experience working in the area. Once the pressure
profile is studied one should locate any transition zones between formations, select case seatings,
and find the required wellbore pressure at depth (Remson 1985).
Part 2 is to assess the operator's historical depth vs. time curve. This should also include
a study of borehole sizes, casing size, mud weights, etc. This is the base for all of the following
planning and scheduling for the rest of the project (Remson 1985). Part 3 is spent looking at any
special requirements that may be pertinent to this operation. Special requirements may be
information on problem areas, the cementing program, mud and bit records, etc. Once a
thorough review of the historical material is completed it should then be applied to the current
drilling operation (Remson 1985).
Step 2 is to apply the operator's historical data and the contractor constructs a depth vs.
time curve for the current drilling operation, Figure 42. Along with the depth vs. time curve a
list of tasks is established; tasks range from arrival to location all the way to well completion.
This is done so time values can be assigned to each task and note the most critical tasks. Once
this is completed a comparison of the the contractor's and operator's rig time curves. If there are
any appreciable differences between the two curves they should be discussed with the operator
so that mutual expectations can be
Table 8: Major Tasks in a Drilling Operation (Remson
1985)
1. Mooring, rigging up, and rigging down developed (Remson 1985). Table 8 shows
2. Drilling and reaming
3. Tripping which tasks take the to
4. Riser and BOP stack handling
5. Running and cementing casing
6. Formation evaluation
7. Well completion and plug and abandon
8. Drilling problems, problem prevention, and remedial
actionsD
9. Rig downtime
10, Waiting on weather with varying degrees of detail depending on
the needs of the person using them (Remson 1985). The two depth vs. time curves are as
follows: Historical Rig Time Curves and Detailed Rig Time Curves. An in depth detail of the
each of the curves can be seen in Remson's paper. The major differences between the two
curves are that the Historical Rig Time Curve is used by the operator to measure drilling
efficiency and expenditure authorization; while the Detailed Rig Time Curve is used to make
sure the operation is on schedule (Remson 1985).
The most important part of step 2 is the development of the 48 hour work schedule. This
lists all the tasks that must be done within the next two days and is posted in visible places
throughout the rig. This helps drill crews maintain a constant work effort, and helps
maintenance crews schedule preventative maintenance so it will not hinder the drilling operation
(Remson 1985).
Step 3 is mainly just making sure everything is going to schedule and making changes
were needed. Remson recommends 4 parts to help keep on schedule. One, always consult the
list of performance times instead of trying to memorize them. Two, keep only one schedule; this
will prevent any confusion among the crews. Three, keep one person in charge of the schedule,
typically a senior crew member. Four, always write in pencil and keep changes annotated
(Remson 1985). Remson also reemphasizes the importance of the 48 hour drilling schedule and
how it helps motivate the crews with set goals, and also mentions that deviations are expected
and should be dealt with in a timely manner (Remson 1985). An example schedule can be seen
in Table 9.
Table 9: Example 48-Hour Work Schedule (Remson 1985)
[Begin 1800 hrs 6-20-84
Operation
Rig under tow-ETA
new location 0600 hrs
0-21-84
Position rig and Jack up
to 5-ft air gap
Skid out.
Rig up to take soil boring
Soil investigation
Rig up coring and skid in
to preload
Preload
Hold and dump preload
Jack up to 45 ft air gap.
Skid out, rig up to
operate
Rig up to drive 20 in.
Weld and drive 20 in.
Time
12
Date/
Time
6-21
0600
3
1
4.5
10.5 6-22
0100
25
12
3
5 8-22
2330
IS
14 6-23
1700
Comments
Weather may be bad, get casing crew
out early. Schedule boat to leave dock
when rig arrives on location. Make
sure soils engineer is on first chopper,
Complete repairs to bell nipple.
Should get there before weather picks
up. Expect 40 to 50 it leg penetration.
Equipment already on rig
Expect boring to show soft formations
to about 40 It; then a sand lens. Lest
time in area had 47 ft penetration.
May have to preload twice
Load out drive pipe and equipment.
Approximately seven joints at 2 hrs/ft,
Step 4 stresses the need for daily reporting. The daily report should follow a rigid format
and should contain: categories of each operation, anticipated times vs. actual times, and what
tasks are planned on being completed within the next 24 hours. This is not the same as the 48
hour work schedule; this morning report shows what has happened from the day before and what
is supposed to happen the next day. This is a means to check that the drilling operation is still on
schedule, and if not where the changes to the schedule need to be made (Remson 1985).
No.
I
2
3
4
5
6
7
9
10
11
Following a rigid format allows for easy cataloging and recalling if need be. Remson notes how
the drilling industry keeps a wealth of data, but it is usually in an unusable format. Table 10
shows an example morning report.
Table 10: Sample Morning Report (Remson 1985)
Rig name
Date
fEst- days to complete
Wi nId
RoIl
Anchor tensions
%vtd weght
fEcuiprrewrt dAwn
Operations sasrnrnasry
Clock
2-400-0500
0000-0730
0730-1030
1030-1300
1300-1630
100--2030
2030-2200
2200-2330
2330-2400
elapsed Ant
Tine __ _
S
'1
1
3
2
3%
4
1 M
1 %4
(
(lE
2. Locationt
'5. Days on Vc>cation
S. Water dieptih
1 1. Seas
14. P t.h
:4pated
ine Category
(4)
nch)h
(Ec)
(3.5)
(1775)
(6.5)
(C-)}
(2.0)
C -)>
0. Custorner
a. ateport Ngo.
9. Total dtept.w
12. General weettfer
15. I-eave
10. Last casin g set/depth
Op-eration
9 Diser'vAge Jo.4 S Jmc king unit
' ,Jack rig up to a4-ft air gap
1 Prepare and skid rig over
platforrnI Break mtedtines, pick up kelly
plum sfulck, skid floor to
diitforent slot5 Fig up welder, cut and bevel
2,4 in. drive pipe5 PICk up and drrve pipe, rig
up work platform
4 F~bppie up 21 V-in. dkverter,belt nippIe. and fIowsine
1 Change shaker screens andi
wash pits
3 Pick up SIHIA a-rxd trip in hole
tO 190 ft
.1 LiX spuc rmtVd
Oriertate gyro (present operation)
Accidiervta 24. Termninations
Personnel ontwoard 20 . Cornpany
Personnead over/sc~er contract
Daily wareshouse Issue
Average daily warehouse issue for rnon-th
Safety rneetins., drils, poINltstaon
Tbrne ahead/betnd sce-duie
Running 10-in. casing at 1,000 ft (estimated
report timea)
27. Other
operation 24 h-orm from
ZEOF~ (conputer code to capture report frorm teex)
Step 5 is done at the conclusion of drilling the well and is an overall review of the current
Table 11: Sample End of Operation Report
(Remson 1985)
Sec. 1 Heading data
Sec. 2 DrIoing record
(including depth/time curves)
Sec. 3 Discussion of drilling problems
(comments and recommendations)
Sec. 4 Rig downtime
(comments and recommendations)
operation. A report is made to show the
comparison of the anticipated vs. expected times.
A review should be done to see where one could
improve and see where one excelled and try to
figure out how to implement it in future drilling
operations (Remson 1985). Table 11 shows a sample report format.
69
1.-
4-
1'
10.
13.
-t6.
'17.
20-
21.
22.
23.
25-
20-
20.
SO.
31
32.
33-
Remson's approach is one possible way to plan and analyze a drilling operation. For a
more detailed explanation of Remson's approach one can read SPE 13467-PA, "Planning
Technique-Key to Drilling Efficiency". Another example of planning and analysis techniques is
SPE/IADC 107250, "Drilling Performance Management System" by A. Rahil.
. . .. ............
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Figure 42: Final Depth vs. Time Curve, Included in the Final Report (Remson 1985)
Drillstring
Figure 43: Drillstring Orientation
North
.............  . ... . ..........
Hydraulic Fracturing Figures and Calculations
Figure 44: Stresses Imposed on a Wellbore
Table 12: Pressure Calculation for Fracture Example
Q 3000 gal/mmin Area of Wi 50.26548 inA2
390 4^3/min { 0.349066 A2
Assumed Diameter of the Weilbore was 8
Fluid Velo- 1117.268 fr/min
18.62113 ft/s jHeight of V 8600 t
Unit Weig 62.4 pcf This is typcial and noted in the Geology Chapter.
P=((V^2/2g)+H)*y
Pressure 530736 psf
.................  ..... . .. ......... ...............
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